model for out-of-sample drive signals and express this error in terms of signal-to-noise in column five. We calculate the signal-to-noise ratio using SNR = 20 log 10 std (actual) std (errors) dB:
model for out-of-sample drive signals and express this error in terms of signal-to-noise in column five. We calculate the signal-to-noise ratio using SNR = 20 log 10 std(actual) std(errors) dB: (13) We show the analogous results obtained by reconstructing and testing static models on the same data in the remaining columns. Typical results are presented in Fig. 2(a) -(d) where we show sections of the time series produced by simulating the models compared to the actual measured values of the device. We show the results obtained by simulating the models reconstructed using the C300 , C600 , C900 and C 1200 data sets. Good agreement is seen in the figures as expected from the numbers given in Table I . These simulations are also superior to the results we obtained using the best static models we could reconstruct. In most of the cases examined, the long-term solutions are not sensitive to the initial seed value and, in the case of periodic drives, they appear to converge to a unique solution.
V. CONCLUSION
We have shown how to construct stable, free-running, input-output models for a class of electronic devices and circuits having fading memory and (in the absence of a drive signal) converge to a constant solution. The models are built from band-limited, spread-spectrum excitations and such excitations provide a sufficiently rich training set to make accurate predictions of periodic or similar spread spectrum drive signals. Adding additional local and global properties appears to be a promising avenue for research in building stable and accurate black-box models.
I. INTRODUCTION
Chua's circuit is one of the physical systems for which the presence of chaos (in the sense of Shil'nikov) has been established experimentally, confirmed numerically, and proven mathematically. In recent years, Chua's circuit has become a standard model for studying chaos in systems described by finite-dimensional ordinary differential equations [1] .
Synchronization of chaotic Chua's circuit with application to secure communication has also been investigated. However, a classic Chua's circuit is a third-order continuous-time autonomous system which can only produce low-dimensional chaos with one positive Lyapunov exponent. On the other hand, it has been known that even a very simple first-order system with a time-delay feedback can produce very complex chaotic behaviors [2] - [9] . Mathematically, continuous-time systems with time-delay feedback can be described by delay differential equations that possess of infinite-dimensional state spaces and have the possibilities of producing high-dimensional hyperchaotic attractors with a large number of positive Lyapunov exponents. This property has already stimulated the work on both analysis and design, and we have also witnessed a number of physically implemented chaotic time-delay systems for secure communication which claimed to have low detectability [10] - [13] .
Recently, in the pursuit of anticontrol of chaos (also called chaotification) [14] - [18] , we have seen a general approach to making a continuous-time autonomous system chaotic via time-delay-feedback perturbation on a system parameter, or an exogenous time-delay-feedback input [18] .
This work aims at building a practical chaotic time-delay circuit based on a standard Chua's circuit. This can be achieved by adding a small-amplitude time-delay voltage feedback in a nominal Chua's circuit. Asymptotic analysis shows that, if the nominal Chua's circuit has an exponentially stable point, then the corresponding time-delay-feedback Chua's circuit can be chaotic within a neighborhood of the equilibrium point for arbitrarily given small feedback amplitude.
Both computer simulations and circuit experiments show that the time-delay-feedback Chua's circuit can create different type of chaotic attractors, even if the nominal Chua's circuit has stable multiperiod orbits. Therefore, this newly derived time-delay-feedback Chua's circuit can be confirmed and used as an robust chaos generator.
II. TIME-DELAY FEEDBACK CHUA'S CIRCUIT
The nominal Chua's circuit consists of a linear inductor L, two linear resistors R and R 0 , two linear capacitors C 1 and C 2 and a nonlinear resistor-the Chua's diode NR (see Fig. 1 ). The state equations of Chua's circuit are given by To make a nonchaotic Chua's circuit chaotic via perturbation with arbitrarily given amplitude, we add a time-delay voltage feedback in the nominal Chua's circuit, as shown in Fig. 1 . The new time-delayfeedback Chua's circuit can be described by the following equations:
where the time-delay term is taken as
where " and are two positive constants and represents the delay time. Clearly, the maximum amplitude of the time-delay term is ", i.e.
jw(v 1 (t 0 ))j ":
We will show that for arbitrarily given " > 0, the time-delay-feedback Chua's circuit (2) can be chaotic for sufficiently large and , even if the corresponding nominal Chua's circuit (1) has stable period orbits.
III. ANALYSIS OF CHAOS IN TIME-DELAY FEEDBACK CHUA'S CIRCUIT
In this section, we suppose that for a fixed set of parameters, the nominal Chua's circuit (1) 
Due to the symmetry of P+ and P0, we will consider the equilibrium point P + only. We will present an asymptotic analysis to show in such a way that, for the same set of circuit parameters and any given small constant " > 0, the corresponding time-delay-feedback Chua's circuit is chaotic within a neighborhood of P + for sufficiently large constant and delay time . Denote x(t) = [v 1 (t) v 2 (t)i 3 (t)] T and x(t) = x(t) 0 P + . According to nonlinear system theory [19] 
Equation (2) can be rewritten as
By viewing g(t; x) as a perturbation term, we have the following boundedness result which can be derived from Lemma 5.2 in [19] . Lemma 1 can be viewed as a robustness property of the nominal Chua's circuit that possesses an exponentially-stable equilibrium point at P+. It shows that small-amplitude perturbation will not result in large steady-state deviations from the equilibrium point. That is, if " is small enough and the initial conditions are near P + , then the trajectories x(t) of the time-delay-feedback Chua's circuit (2) will lie in a neighborhood of P + which belongs to D 1 . Furthermore, we show that the trajectories can be chaotic within the neighborhood, if and are large enough.
In the region D1, we have
From the first and second equation of (1), we get (where we assume
Denote v 1 (t) = v 1 (t) 0 v 3 1 and w( v 1 (t 0 )) = w(v 1 (t 0 )) = w( v1(t 0)+v 3 1 ), we can derived from (6), (7) and the third equation of (1) (8) where
Therefore, in the region D 1 , the (2) is equivalent to the time delay (8) . Since P+ is an exponentially-stable equilibrium point of (1) 
w( v1(t 0 )).
Recently, an approximate relationship between a nth-order linear differential equation with a time-delay feedback and its corresponding discrete map [18] has been established. This relationship is a generalization of the results in [4] , [9] . Lemma 2: Consider a system described by the time-delay differential equation y (n) (t) + n01y (n01) (t) + 111+ 1 _ y(t) + 0y(t) = 0w(y(t 0 )) (9) where f i g n01 i=0 and 0 are constants with 0 0 6 = 0 and s n + n01s n01 + 111 + 1s + 0 is a Hurwitz polynomial. 
where " 0 = ( 0 = 0 )" 6 = 0. It can be proved that the map is chaotic in the sense of Li-Yorke [20] for sufficiently large . In summary, if the nominal Chua's circuit has an exponentially-stable equilibrium point, then for an arbitrarily given small constant " 6 = 0, the corresponding time-delay-feedback Chua's circuit can be chaotic within a neighborhood of the equilibrium point for sufficiently large and .
To further reinforce the finding, both computer simulations and circuit experiments can be shown that the result obtained can be generalized to the case the nominal Chua's circuit has stable multiperiod orbits.
Moreover, according to [21] , the Lyapunov dimension d L of the corresponding chaotic attractor is nearly equal to the delay time divided by the correlation time of the time-delay-feedback driving force w(v1), i.e., dL = =. Therefore, the time-delay-feedback Chua's circuit can produce high-dimensional chaotic attractors for a large value of delay time.
IV. SIMULATION RESULTS
In our computer simulations, the following values are fixed. (See equation (12) 
V. EXPERIMENTAL RESULTS
To supplement the computer simulation results, a physical circuit implementation was developed. In our experimental setup, the following circuit parameters are fixed C 1 = 11:00 F C 2 = 108:99 nF L = 18:68 mH R0 = 14:78 Ga = 00:87 mS G b = 00:44 mS E = 1 V = 0:004 096: (13) The sine function is implemented by using the universal trigonometric function converter IC, AD639. Implementation of time delay is shown in Fig. 5 .
For R = 1800 , the nominal Chua's circuit has a pair of stable equilibrium points [ Fig. 6(a) ]. In the case of R = 1700 , the Chua's circuit has a pair of stablelimit circles [ Fig. 7(a) ]. 
VI. CONCLUSION
In this paper, a new time-delay-feedback Chua's circuit is established by adding a small-amplitude voltage time-delay-feedback to an ordinary Chua's circuit. This time-delay-feedback Chua's circuit is different from the time-delayed Chua's circuit proposed by Sharkowsky et al. [22] which is derived from the classical Chua's circuit by substitution of the lumped LC resonator with an ideal transmission line. Chaotic dynamics in the time-delay-feedback Chua's circuit were investigated via asymptotic analysis, computer simulations, and circuit experiments. We will further investigate the complex behavior of this new circuit and it's application to chaos-based secure communication.
